INTRODUCTION
Human parainfluenza virus type 3 (HPIV3) ranks second in importance, after respiratory syncytial virus, as a cause of respiratory tract infections in young children. The symptoms vary from mild upper respiratory tract infections to severe lower respiratory tract syndromes such as croup, bronchiolitis and pneumonia (Chanock, 1956; Parott et aL, 1962; Glezen & Denny, 1973; Welliver et al., 1982) .
The negative-sense, single-stranded RNA genome of HPIV3 has a mol. wt. of approx. 4-6 × 106 or 15 000 nucleotides (Storey et al., 1984) . The genome codes for six major structural proteins (Storey et al., 1984; Sanchez & Banerjee, 1985; Wechsler et al., 1985; Jambou et al., 1985) in the order Y NP-P/C-M-F-HN-L 5' (Dimock et al., 1986a; . Three proteins are found in the nucleocapsid of the virion: L (mol. wt. approx. 195000, 195K) , the putative polymerase; P (87K), a phosphorylated protein thought to be associated with the polymerase; and NP (67K), the major nucleocapsid protein. Three proteins are associated with the envelope: HN (69K), the haemagglutinin/neuraminidase; F1,2 (60K), the fusion protein complex, which consists of two disulphide-linked proteins, F~ (50K) and F2 (10K); and M (35K), the matrix protein. The F glycoprotein of the prototype paramyxovirus, Sendai virus, has been shown to be involved in virus-induced cell fusion and haemolysis (Homma & Ohuchi, 1973; Scheid & Choppin, 1974) . Activation of the fusion protein precursor, F0, requires cleavage by a host trypsin-like enzyme to yield F~ and F2 (Homma & Ohuchi, 1973; Scheid & Choppin, 1974; Nagai et al., 1976; Scheid & Choppin, 1977) . A new N terminus of F1 is generated by the cleavage (Scheid & Choppin, 1977) . The amino acid sequences of the F1 termini of several paramyxoviruses are very similar to each other and the hydrophobicity of the sequences suggest that this region interacts with the target cell membrane (Gething et al., 1978 ; Richardson et al., 1980; Richardson & Choppin, 1983) . The fact that anti-F antibodies are able to prevent the spread of infection by cell fusion and also to inhibit virus penetration indicates that the F protein plays an important role in the pathogenicity of paramyxoviruses (Merz et al., 1980) . Previously, we reported the cloning of HPIV3 mRNA and genomic RNA sequences and the identification and gene assignment of the HPIV3 mRNAs (Dimock et al., 1986a) . Here, we describe HPIV3 F gene-specific cDNA clones constructed from HPIV3 F mRNA and genomic RNA. The complete nucleotide sequence of the F gene including the sequences of the M-F and F-HN junctions have been determined, The deduced amino acid sequence of the F protein is presented and similarities in sequence between the F protein of HPIV3 and the F proteins of two other paramyxoviruses, Sendal virus and simian virus 5 (SV5) are discussed. The HPIV3 F gene sequences presented in this paper have also been compared with those previously reported by .
METHODS
Virus and cells. HPIV3 strain 47885 was propagated in LLCMK2 cells as described by Storey et al. (1984) . Cloning ofmRNA sequences. Procedures for isolation of mRNA from HPIV3-infected cells, cDNA synthesis and cloning into Escherichia coli plasmid pBR322 have been described previously (Dimock et al., 1986a) .
Cloning ofgenomic RNA sequences. The procedure for isolation of HPIV3 genomic RNA, cDNA synthesis and cloning into the replicative form of bacteriophage M13 is described in Dimock et al. (1986a) .
Identification of the F gene product. Hybrid-select translation of HPIV3-specific mRNAs and crosshybridization analyses have been described previously (Dimock et al., 1986a) .
Preparation of M13 single-stranded DNA. Transformation of E. coli JM101 with M13 DNA, growth of transformed cells and preparation of single-stranded M13 DNA were all done according to Messing (1983) .
Sequencing strategy and methods. Four overlapping clones, mpPIgX 3, mpPIg14 I, mpPlg142 and pPI14, which cover the entire HP1V3 F gene and its flanking regions, were chosen for sequence analysis. Sequential series of overlapping clones were generated according to Dale et al. (1985) . Dideoxynucleotide sequence analysis was carried out according to Messing (1983) , with minor modifications. The final concentrations of the dideoxynucleotides (Pharmacia) in the sequencing reactions were 0.03 mM-ddATP, 0.1 mM-ddCTP, 0.5 mMddGTP and 1-5 mM-ddTTP.
[3sS]dATP (> 400 Ci/mmo~, Amersham) was used at a concentration of 2-0 to 2-5 ~tM. Reaction mixtures were incubated for 30 rain at 42 °C and the products were chased for 30 min at 42 °C. The mixtures were heated for 3 rain at 90 °C in formamide buffer and analysed on 8.0~ polyacrylamide gels containing 8 M-urea. International Biotechnologies, Inc. software was used for nucleic acid and protein sequence analyses.
RESULTS AND DISCUSSION

Characterization of HPIV3 F gene cDNA clones
Previously, we identified five groups of HPIV3-specific, mRNA-derived clones by reciprocal cross-hybridization (Dimock et aL, 1986a) . Clones specific for the HPIV3 NP, P and M genes were assigned following analysis by hybrid-select translation in vitro (Dimock et al., 1986a) . Unambiguous identification of HN-specific clones was achieved by comparing products translated in vitro from hybridization-selected mRNA with polypeptides immunoprecipitated from tunicamycin-treated HPIV3-infected cells (Storey et al., 1987) , Similar experiments and a process of elimination suggested that the fifth group of clones represented the HPIV3 F gene. This group of clones hybridized to two mRNA species in HPIV3-infected cells, one of approx. 2.2 kb (F mRNA) and another of approx. 3.5 kb (M-F bicistronic mRNA) (Dimock et aL, 1986 a) . One of these clones, pP114 (1496 nucleotides, excluding the homopolymeric tract), was chosen for sequence analysis, This clone contains about 80~ of the F gene sequence and includes the polyadenylate tail. Three other clones were chosen from a bank of genomic RNAderived clones: both mpPIgX3 (approx. 1250 nucleotides) and mpPigl4~ (approx. 300 nucleotides) overlap pPI14 and extend into the M gene and into the HN gene respectively; mpPIg142 (approx. 1300 nucleotides) overlaps much of mRNA-derived clone pPI14. Most of the F gene was sequenced in both directions and overlapping sequences from genomic and mRNA clones were identical to each other. In Fig. 1 , the relative positions of the four overlapping clones and subclones generated according to Dale et al. (1985) are presented.
Nucleotide and amino acid sequence analysis of the HPIV3 F gene
The complete nucleotide sequence of the HPIV3 F gene is shown in Fig. 2 Dale et al. (1985) .
F intergenic sequence and the six A residues preceding the F-HN intergenic sequence. These six residues probably correspond to the first six residues of the polyadenylate tail of the F mRNA. (Storey et al., 1984) . Previously, we identified a polypeptide, translated in vitro from hybrid-selected F mRNA, with an apparent mol. wt. of 54K (Dimock et al., 1986a) . A polypeptide of the same size was also immunoprecipitated from tunicamycin-treated HPIV3 o infected cells (unpublished observations). Paterson et al. (1984) observed a difference between the predicted mol. wt. of the SV5 fusion protein and the apparent mol. wt. of the in vitro product. These authors suggested that the hydrophobic nature of the F protein results in aberrant mobility of the unglycosylated polypeptide in SDS-polyacrylamide gels. Like the fusion proteins of other paramyxoviruses (Paterson et al., 1984; Blumberg et al., 1985; Shioda et al., 1986) , the F protein of HPIV3 is highly hydrophobic, having three major hydrophobic domains which correspond to the signal peptide (A), the amino terminus of F1 (B) and a membrane anchor (C) (underlined in Fig. 2 ). The site for cleavage of the HPIV3 F protein signal peptide has yet to be identified. Cleavage probably occurs, however, between Cysl8 and Glul9 by analogy with the Sendai virus F protein where the cleavage site is between Cys25 and Glu26 (Blumberg et al., 1985) . It has been demonstrated that F 0 is cleaved after Argl09 to generate the new F1 N terminus . Following the hydrophobic anchor domain is a highly charged cytoplasmic tail (amino acids 517 to 539) which may interact with the M protein (Lyles, 1979) . Four potential Noglycosylation sites (Asn-X-Ser/Thr) were identified in the HPIV3 Fo protein; all these were found in the F1 coding region and are boxed in Fig. 2 . The relative positions of the HPIV3 F0 protein glycosylation sites were compared with those of the Sendai virus (Blumberg et al., 1985 ; Shioda et al., 1986) and SV5 (Paterson et al., 1984) Fo proteins ( position in all three viral F0 proteins. The fourth potential acceptor site (amino acids 508 to 510) does not correspond to any glycosylation site of either the Sendai virus or SV5 F 0 proteins, is found within the membrane anchor region of the HPIV3 Fo protein and, therefore, presumably is not used. The positions of cysteine and proline residues in HPIV3 F0 protein were compared with those in the F0 proteins of Sendai virus and SV5 (Fig. 3) . Eight of 11 cysteines and 11 of 18 prolines in the HPIV3 F protein are clustered in F~ between amino acids 282 and 453. In the F protein of Sendai virus, cysteines and prolines are also concentrated in the same part of F~. In addition, many of the cysteines, and to a lesser extent the prolines, in the F~ protein of SV5 can also be aligned with those of HPIV3 and Sendai virus F~ proteins. The large number and the conserved distribution of cysteines and prolines in this region of F~ suggest a high degree of folding and possibly an important role in stabilizing the tertiary structure of the F protein. Two cysteine residues are located in F2; one probably marks the cleavage site for the signal peptide and the other, therefore, must be involved in disulphide bonding of F~ and F 2.
Comparison with the previously published F gene sequence Recently, reported the complete nucleotide sequence of the HPIV3 F gene. Our results confirm their findings. There are only 12 nucleotide differences between their sequence and ours. Two of the differences (nucleotides 97 and 142) are in the untranslated region preceding the initiation codon. In the coding region, four differences (nucleotides 1018, 1096, 1297 and 1384) do not change the amino acid sequence. The remaining six differences (nucleotides 296, 1022, 1077, 1175, 1299 and 1541) would result in an altered amino acid sequence (see Fig. 2 ). Of these six (Ser/Pro35, Ala/Thr277, Arg/Lys295, Val/Ile328, Lys/Thr369 and Ala/Ser449), only Lys/Thr369 would result in a net charge change. A proline at position 35, as shown in our sequence, suggests that there is no potential carbohydrate acceptor site in the F2 region of the HPIV3 F protein gene that we have sequenced. The sequence of indicates a potential glycosylation site at Asn33-Ser34-Ser35. It will be of interest to see whether the lack of a potential glycosylation site in F2 will have any effect on expression of the cloned F protein gene. The observed differences can be explained by natural variation which may have occurred during the different passage histories of HPIV3 in the two laboratories. Alternatively, our cloned F sequence may not be representative of the population of viral genomes in the RNA pool, because we analysed specific clones or as a result of cloning artefacts. confirmed their F gene sequence by direct dideoxynucleotide sequencing of genomic RNA and found eight differences between the sequence of cloned cDNA and the sequence determined by direct sequencing of genomic RNA, half of which were silent at the amino acid level. Direct RNA sequencing, therefore, should provide an explanation for these observed differences.
Sequence analysis of the HPIV3 F gene flanking regions
The sequences of both the M-F and F-HN gene junctions were also determined and are shown in the genomic sense in Fig. 4 . The sequence of the polymerase recognition or gene start signal of the F gene (3' UCCUGUUUUC 5') of HPIV3 is identical to that recently reported by and fits the consensus sequence 3' UCCUNNUUUC 5' found at the beginning of each HPIV3 gene Dimock et al., 1986 b and unpublished observations) . The polyadenylation or gene stop signal for the F gene was determined to be 3' UUAAUAUUUUUU 5' by comparing the nucleotide sequence of clone pPI14, a mRNAderived cDNA clone which contains sequences corresponding to the polyadenylate tract, with the overlapping sequences of genomic RNA-derived clones (Fig. 1) . The polyadenylation site of the HPIV3 F gene is identical, except at one position, to that of the HPIV3 HN gene, 3' UUUAUAUUUUUU 5' (Storey et al., 1987) , but differs from those of the other HPIV3 genes . The M gene stop signal differs from the stop signals of the other HPIV3 genes by having an internal insertion of eight nucleotides. This insertion might explain the abundance of M/F bicistronic mRNA found in HPIV3-infected cells (Dimock et al., 1986a; .
In summary, the complete nucleotide sequence of the HPIV3 F gene and its flanking regions was determined. The amino acid sequence of the HPIV3 F0 protein was deduced and compared with those of two other paramyxoviruses, Sendai and SV5. Overall, there is 42 to 43~ homology between the Sendal virus F protein (Blumberg et al., 1985; Shioda et al., 1986) and the HPIV3 F protein. Several regions of the HPIV3 F protein show greater than 50~ homology to corresponding regions of the Sendal virus F protein. Sequence comparison among several genes of different paramyxoviruses indicates that HPIV3 and Sendai virus are more closely related to each other than to other paramyxoviruses (Luk et al., 1986; Sanchez et al., 1986; Galinski et al., 1986 a, b; Elango et al., 1986; Dimock et al., 1986 b; Storey et al., 1987) . Our results, therefore, add further support to these observations. 
